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Abstract: 

The  MOS  technology  using  high-k  dielectrics  on  high  carrier  mobility  semiconductors  of 
InGaAs  leading  to  a  faster  speed  at  lower  power  is  now  at  the  International  Technology 
Roadmap  for  Semiconductors  (ITRS).  Great  efforts  have  been  dedicated  to  understand  the  high 
k’s/InGaAs  interfaces.  We  then  present  the  interfacial  electronic  structure  of  in-situ  HITT  on 
Ino.53Gao.47As(001)-4x2  probed  by  synchrotron  radiation  photoemission.  The  dielectric  film  was 
prepared  by  atomic  layer  deposition  (ALD)  with  the  precursors  as  /e/ra/d.v[  ethyl  mcthylami  no] 
Hafnium  (TEMAHf)  and  water.  The  samples  were  always  kept  under  ultra-high-vacuum  (UHV) 
from  the  MBE/ALD  preparation  chambers  to  data-acquisition  photoemission  chamber  in  the 
synchrotron-radiation  facility.  The  samples  have  never  exposed  to  air.  The  high-resolution  work 
with  a  short  inelastic  mean-free  path  allowed  us  for  the  first  time  to  identify  atom-to-atom 
interaction  at  this  interface.  The  Hf  atoms  maintain  four-fold  coordination,  both  after  the  initial 
TEMAHf  deposition  and  the  subsequent  water  purge.  The  Hf  atoms  initially  bond  to  the  As 
dangling  bonds  of  the  surface  As  atom  located  on  the  edges  of  the  raised  ridges.  One  EMA 
ligand  is  removed  in  this  process.  Subsequent  water  exposure  substitutes  OH  ligand  for  one  or 
more  remaining  EMA  ligands.  These  in  turn  react  with  TEMAHf  to  form  O-Hf-O  bonds 
allowing  the  hafnium  oxides  to  grow.  The  surface  In  atoms  on  the  terrace  of  the  raised  ridges 
were  partially  removed,  but  none  bonded  of  the  precursor  atoms.  Correlations  between  the 
interfacial  electronic  structure  and  the  electric  performance  (Appl.  Phys.  Lett.  100,  172110 
(2012))  is  discussed. 

Introduction: 

The  growth  of  high-K  dielectrics  via  atomic  layer  deposition  (ALD)  has  attracted  much 
attention  because  it  provides  a  well-controlled  thickness  in  an  atomic  layer-by-layer  fashion,  as 
well  as  unprecedented  uniformity  and  conformity.  The  precursors,  trimethylaluminium  (tri- MA, 
or  TMA)  and  1  e  l  ra  /Tv  -  c  t  h  y  1  m  c  t  h  y  I  a  m  i  n  o  h  a  f n  i  u  m  (tetrakis-EMAHf,  or  TEMAHf),  are  most 
commonly  employed.  Subsequent  exposure  to  water  converts  the  precursors  to  the  oxides  AI2O3 
and  Hf02,  respectively.  Measurements  of  quasi-state  capacitance-voltage  (QSCV)  and 
conductance-voltage  at  various  temperatures  of  the  ALD-Hf02  on  Ino.2oGao.8oAs(001)-4x2 
interface  delivered  an  interfacial  trap  density  (Du)  in  the  midgap  at  least  four  times  smaller  than 
that  of  the  AI2O3  on  the  same  substrate. 1  Moreover,  ALD  Hf02  on  higher  Indium-content 
InGaAs  such  as  Ino.53Gao.47As(001)-4x2  showed  the  absence  of  a  midgap  Du  peak  and  excellent 
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thermal  stability  at  high  temperatures,  and  device  performances  of  very  high  drain  currents/ 
transconductance.2'1  Clearly,  HfOo,  along  with  a  higher  dielectric  constant,  is  a  better  candidate 
for  the  gate  dielectric  than  AI2O3  in  device  applications. 

After  years  of  studies  on  metal-oxide- semiconductor  field  effect  transistor  (MOSFET), 
superior  performance  would  always  depend  on  having  the  semiconductor  surface  effectively 
passivated  by  the  dielectric  oxide.  Indeed,  the  research  that  has  been  carried  out  in  the  absence  of 
native  substrate  oxides u'4'5  showed  that  the  CV  curves  and  x-ray  photoelectron  spectroscopy 
(XPS)  spectra  are  different  from  those  in  the  presence  of  native  oxides.611  Equally  significant  is 
the  absence  of  the  notorious  As-As  dimers.  Knowledge  of  the  interfacial  electronic  structure  of 
an  initial  precursor,  say,  TEMAHf,  with  InGaAs  is  essential  to  understanding  the  cause  of  the 
superb  electric  performance  of  HfCE/InGaAs.  To  date,  little  or  no  relevant  information  is 
available  in  the  established  literature.4'7'810 

Experiment: 

The  interfacial  electronic  structure  of  ALD  Hf02  produced  by  (TEMAHf+EEO)  on 
Ino.53Gao.47As  (001)-4x2  was  probed  by  high -resolution  synchrotron  radiation  photoelectron 
spectroscopy  (SRPES).  SRPES  is  renowned  for  its  high  sensitivity  to  a  change  in  the  surface 
electronic  environment.  The  77-type  Ino.53Gao.47As(001)  layer  with  Si  dopants  was  grown  on  N+ 
epi-ready  InP(OOl)  substrate,  using  molecular  beam  epitaxy  (MBE).  The  Ino.53Gao.47As/InP 
samples  were  then  moved  through  ultra-high-vacuum  (UHV)  transfer  modules,  under  a 
background  pressure  of  10  10  Torr,  to  an  arsenic-free  UHV  chamber,  in  which  the  samples  were 
heated  up  to  -460  °C  to  obtain  (4x2)-reconstructed  In/Ga  stabilized  Ino.53Gao.47As(001)  surface. 
They  were  then  transferred  under  UHV  to  a  customized  ALD  reactor12  for  the  deposition  of 
Tetrakis  [ethylmethylamino] Hafnium  (TEMAHf))  followed  by  the  water  purge.  The  samples 
then  were  stored  in  a  portable  UHV  module  and  carried  to  the  National  Synchrotron  Radiation 
Research  Center  (NSRRC)  for  the  SRPES  measurements.  The  vacuum  condition  for  the  sample 
transfer  was  always  kept  in  the  mid  10  10  Torr  range.  The  energy  resolution  was  about  60  meV, 
and  the  binding  energy  scale  (EB)  was  established  according  to  the  Fermi  edge  of  Ag. 

Results  and  Discussion: 

Figure  1  shows  scans  for  the  Hf  4f,  In  4d,  Ga  3d,  and  As  3d  core  levels  on  clean  as  well  as 
precursor-covered  surfaces.  At  the  120-eV  photon  energy  used  here,  the  cross  section  of  the  Ga 
3d  and  In  4 d  core  level  is  approximately  of  the  same  magnitude.  The  data  in  Fig.  1  show  that 
TEMAHf  pulses  readily  adhere  to  the  InGaAs  surface  with  its  functional  groups  intact  as  well  as 
with  the  loss  of  one  ligand.  After  the  first  water  exposure  the  O  2s  state  is  already  in  evidence 
and  grows  with  repeated  cycles  of  TEMAHf  and  water  exposure.  The  nature  of  system  indicates 
the  increasing  growth  of  hafnium  oxide  and  the  presence  of  Hf-OH  ligands.  The  inset  shows  an 
enlarged  plot  of  the  combined  Hf  4f,  In  4d,  and  Ga  3d  region,  with  the  spectra  all  normalized  to 
the  same  area.  New  features  seen  in  the  TEMAHf-covered  data  are  tails  on  both  ends  of  the 
overlapping  spectra.  They  are  attributed  to  contributions  from  the  Hf  4/ core  level,  in  view  of  the 
relatively  large  spin-orbit  splitting  of  1.71  eVLl  and  the  expected  large  line  width.  The  tails  are 
separated  by  an  energy  so  large  that  they  must  be  due  to  two  chemically  distinct  types  of  Hf.  The 
difference  in  binding  energy  could  represent  a  difference  in  the  ligand  structure  or  in  final  state 
screening.  The  feature  at  the  low-EB  tail  is  labeled  Hf*  and  the  other  one  Hf**.  As  can  be  seen  in 
Fig.  1,  the  former  component  is  steadily  enhanced  in  intensity  by  repeated  cycles  of  deposition, 
while  the  intensity  of  the  Hf**  component  remains  unchanged.  These  observations  are  essential 
to  the  formulation  of  the  data  analysis  and  lead  the  interpretation  of  our  results. 

A  fit  for  the  clean  As  3d  core  levels  is  shown  in  Figs.  2(a)  and  (b),  and  for  Ga  3d/ln  4d  in 
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Figs.  3(a).  The  fitting  algorithm  can  be  found  elsewhere.14  Although  the  In  content  was  20%  in 
the  previous  report,14  the  surface  core-level  shifts  (SCLSs)  were  almost  identical;  namely,  they 
are  -0.192,  -0.331,  and  +0.263  eV  for  As  3d,  Ga  3d,  and  In  4 d  core  levels,  respectively.  Guided 
by  known  reconstruction  of  the  [13 ’(4x2)  model  for  the  reconstructed  Ino.53Gao.47As(001)-4x2 
surface  (see  Fig.  4(a)),15  we  assigned  the  In(S)  state  to  the  undimerized  In  atoms  in  the  top  row 
and  the  As(S)  state  to  the  As  atoms  located  on  the  edges  of  the  raised  ridges.  Note  that  the  signs 
of  the  As  and  In  states  are  consistent  with  the  shifts  expected  for  monovalent  anions  and  cations 
with  a  dangling  bond.  However,  it  is  surprising  to  observe  a  negative  SCLS  for  Ga  because  it  is 
opposite  to  that  found  for  the  SCLS  of  Ga  in  other  GaAs  surfaces.16  This  signal  is  not  due  to 
surface  Ga  atoms,  but  Ga  atoms  that  reside  in  the  second  layer  with  a  small  percentage.  They  are 
correspondingly  labeled  Ga(SS)  for  “subsurface”.  This  indicates  that  the  In  surface  segregation 
has  completely  displaced  Ga  atoms  from  the  surface. 

Panels  (c),  (d)  and  (e)  of  Fig.  2  show  the  development  of  the  As  3d  spectrum  with 
increasing  exposure  to  TEMAHf  and  water.  After  TEMAHf  deposition  a  new  component 
intrudes  on  the  As  3d  spectrum,  namely  the  Hf  5pm  core-level.  The  properties  of  the  broad  Hf 
5p  1/2  line  were  established  from  data  with  a  thick  passivating  layer,  where  the  binding  energy 
relative  to  the  bulk  As  line  (and  lifetime  width)  could  be  determined.  The  reacted  As  labeled  as 
As*  appears  with  an  SCLS  of -0.135  eV.  The  fact  that  no  other  As-related  component  is  resolved 
suggests  effective  coverage  of  TEMAHf  on  every  surface  As  atoms  on  the  edges  of  the  raised 
ridges.  However,  the  relatively  large  line  width  of  the  As*  state  suggests  that  there  is  not  a  single 
well  defined  chemical  environment  for  all  the  former  As  surface  atoms. 

Since  all  the  Ga  3d/ In  4<r//Hf  4 f  lie  in  a  5-eV  energy  window,  and  in  order  to  obtain 
convergence  to  physically  acceptable  results  in  the  least-squares  optimizations,  the  energy 
separation  between  the  bulk  components  of  Ga  and  In  was  fixed  to  known  values.  Furthermore, 
the  SO  splitting  and  SO  ratio  of  the  Hf  4/  core  level  were  fixed  at  1.71  eV  and  0.72, 
respectively.1’  The  resulting  constrained  set  of  six  doublets  was  then  able  to  provide  a 
satisfactory  representation  of  the  experimental  data.  The  result,  shown  in  Fig.  3(b),  indicates  that 
adsorption  of  the  TEMAHf  precursor  alone  produced  no  new  components  for  either  the  In  4 d,  or 
the  Ga  3d  states.  In  the  fit,  the  binding  energies  of  the  7/2  state  of  the  Hf*  and  Hf**  components 
were  at  17.08  and  17.85  eV,  respectively.  The  In(S)  SCLS  is  reduced  to  0.142  eV,  and  the  SCLS 
for  the  Ga(SS)  component  remains  virtually  unchanged,  but  after  water  exposure  it  is  changed 
significantly,  see  below.  An  observed  decrease  of  the  intensity  of  the  In(S)  component  suggests 
that  some  top-row  In  atoms  were  etched  off.  It  may  be  relevant  that  in  a  previous  investigation 
with  a  0.8-nm  thick  HfO^,  diffusion  of  In  to  the  surface  of  the  dielectric  HIOi  was  observed.1 

The  fitted  results  to  the  core-level  spectra  suggest  the  formation  of  an  As-Hf  bond,  in  which 
the  As*  state  in  Fig.  2(c)  forms  a  bond  with  the  Hf*  state  in  Fig.  3(b).  One  EMA  ligand  is 
removed  from  a  TEMAHf  molecule  to  couple  it  to  the  solid.  See  the  schematic  drawing  in  Fig. 
4(b).  Note  that  no  As  atoms  are  removed  by  the  adsorption  of  precursor  and  the  Hf  remains  in  a 
4-fold  coordination.  The  loss  of  one  EMA  ligand  and  the  location  on  the  raised  ridge  makes  the 
Hf  atom  of  the  adsorbed  molecule  much  more  accessible  to  water  vapor  than  it  is  in  the  complete 
TEMAHf  molecule.  There  it  is  surrounded  by  8  aliphatic  methyl  and  ethyl  groups  with  a  total  of 
32  H  atoms  at  the  surface. 

The  core-electron  binding  energy  of  the  Hf*  state  in  the  overlayer  is  circa  1  eV  smaller  than 
that  found  in  the  oxidation  of  metallic  Hf  to  Hf02.17  While  both  are  presumably  referenced  to  the 
Fermi  level,  there  are  residual  concerns  when  comparing  data  on  metallic  and  insulating  systems 
in  which  the  final  state  screening  is  completely  different  in  character.  Neglecting  that  concern 
and  taking  the  results  at  face  value,  one  could  conclude  that  the  residual  OH  and  EMA  ligands  in 
the  oxide  layer  are  responsible  for  the  reduced  binding  energy.  With  above  argument,  we 
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understand  that  the  Hf  core  hole  in  TEMAHf  (the  Hf**  state)  is  screened  only  by  the  polarization 
of  its  four  nitrogen  ligands,  while  that  in  the  growing  trz-EMAHf  (the  Hf*  state)  is  now  part  of  a 
solid  with  much  better  screening  based  on  charge  flow  from  the  solid.  Smaller  electronegativity 
of  As  versus  N  would  give  rise  to  a  smaller  binding  energy  of  the  Hf*  state  than  the  Hf**  state. 


(TEMAHf  +  H20)  on  ln0  53Ga0  47As(001  )-4x2,  hv  =  1 20  eV,  normal  emission 


Binding  Energy  (eV) 

FIG.  1.  Scans  of  Hf  4/,  In  4 d,  Ga  3d,  and  As  3d  core 
levels  for  cycling  purges  of  TEMAHf  and  H2O. 
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FIG.  2.  A  fit  to  the  As  3d  core  levels  excited  with  a  photon  energy  of  120  eV,  where  (a)  clean  and  9e  =  0°,  (b) 
clean  and  0e  =  60°,  (c)  TEMAHf  only  and  0e  =  0°,  (d)  1  cycle  of  TEMAHf  +  H20.  (e)  2  cycles  of  TEMAHf  +  H20, 
(f)  3  cycles  of  TEMAHf  +  H20,  (g)  10  cycles  of  TEMAHf  +  H20  at  RT,  and  (h)  10  cycles  of  TEMAHf  +  H20  at 
elevated  temperature.  The  symbol  9e  indicates  the  emission  angle.  Raw  data  are  indicated  using  dots,  and  solid 
lines  are  the  fit  results. 


In  the  water-purged  tn-EMAHf/InGaAs  surface  (1  cycle  of  operation),  the  model  function 
still  represents  the  As  3d  spectrum  without  the  need  for  an  additional  component.  However,  the 
SCLS  of  the  As*  component  is  reduced  to  100  meV.  Additional  cycles  produce  little  or  no 
change  in  the  line  shape,  meaning  that  the  first  cycle  has  already  determined  the  interfacial 
electronic  structure.  This  is  certainly  in  contrast  to  the  deposition  of  TMA,  which  requires  at  least 
10  pulses  before  the  edge-row  As  atoms  are  covered.14  The  model  function  with  the  six  doublets 
represents  the  line  shape  of  the  Ga  3dl In  4<r//Hf  4/  core  levels  equally  well,  and  no  oxidized 
indium  component  is  found  in  the  spectrum.  The  Hf  4 f  core  levels  of  the  two  components  now 
appear  at  18.04  eV  and  17.01  eV  EB.  The  bonding  nature  of  the  Hf*  component  which  grows 
with  continued  deposition  must  be  altered  by  the  introduction  of  water,  as  OH  ligands  and 
Hf-O-Hf  bonds  replace  the  EMA  ligands.  We  now  label  it  HfO.  The  most  significant  observation 
is  that  there  is  so  little  change  in  binding  energy  from  Hf*  to  HfO  and  take  that  as  an  indication 
that  the  Hf  remains  tetravalent  throughout  this  process.  The  large  line  width  can  of  course 
accommodate  small  differences  in  binding  energy  expected  for  the  possible  range  of  ligand 
chemistry.  Throughout  all  this  the  Hf**  component  remains  unchanged  (see  Figs.  3(d)  and  1) 
suggesting  that  represents  physisorbed  unmodified  TEMAHf  that  resists  the  effect  of  water 
vapor. 
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hv  =  120  eV,  Ga  3d  +  In  Ad  +  Hf  A f 
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FIG.  3.  A  fit  to  the  Ga  3d,  In  Ad,  and  Hf  4/ core 
levels  excited  with  a  photon  energy  of  120  eV 
and  taken  in  normal  emission,  (a)  clean  surface, 
(b)  TEMAHf  only,  (c)  1  cycle  of  TEMAHf  + 
H20,  and  (d)  2  cycles  of  TEMAHf  +  H20.  Raw 
data  are  indicated  using  dots,  and  solid  lines  are 
the  fit  results. 


(a)  clean  (b)  TEMAHf  only 


(c)  1  cycle 


(d)  2  cycles 


Oln;»*As;#Ga;#Hf;  •  NfCH^;  •  O-H;  •  O; 


FIG.  4.  Schematics  for  the  interfacial  bonds.  The  upper  diagrams  are  plotted  as  side  view,  and  the  bottom  as  top 
view.  Diagrams  for  a  clean  surface  are  shown  in  (a),  for  TEMAHf  only  in  (b),  1  cycle  of  (TEMAHf+H20)  in  (c), 
and  2  cycles  of  (TEMAHf+H20)  in  (d). 


The  reaction  of  the  As-bonded  Hf  with  a  H2O  molecule  breaks  another  Hf-EMA  bond.  The 
replacement  of  another  Hf-N  bond  by  a  Hf-OH  bond  is  energetically  favorable.  It  leaves  an  OH 
group  attached  to  the  Hf  and  uses  the  remaining  H  to  convert  the  EMA  ligand  into  an  EMA 
molecule  that  is  emitted.  No  ionized  products  or  dangling  bonds  are  created.  This  process  leaves 
the  Hf  with  four  ligands,  one  to  As,  one  to  OH,  and  two  to  EMA,  and  in  its  most  stable 
tetra-v alent  state.  It  creates  no  dangling  bonds.  It  also  leaves  the  OH  site  well  exposed  for  future 
reaction.  In  principle,  all  three  remaining  EMA  ligand  can  be  removed  by  this  process,  but  only 
one  is  required  to  form  a  minimally  connected  string  of  Hf-O-Hf  atoms.  Schematic  drawing  for  1 
cycle  of  operation  is  represented  in  Fig.  4(c). 

During  the  next  exposure  to  TEMAHf,  the  exposed  Hf-OH  site  is  available  for  reaction.  An 
EMA  ligand  of  the  incoming  TEMAHf  molecule  receives  the  H  of  the  OH,  becoming  an  EMA 
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molecule  that  is  emitted,  while  the  remaining  Hf-0  forms  a  bond  to  the  Hf  of  incoming 
TEMAHf  molecule.  The  result  is  a  Hf-O-Hf  bridge,  similar  to  that  found  in  the  bonding  of  HfCE. 
This  process,  too,  is  energetically  favorable  since  it  forms  a  strong  Hf-0  bond  and  emits  a  neutral 
molecule.  This  does  not  imply  that  the  overlayer  will  eventually  consist  of  crystalline  HfC>2  or 
even  an  amorphous  compound  with  that  composition.  It  only  indicates  a  local  chemical  identity 
with  the  strong  oxygen  bonding  of  the  dioxide.  Indeed,  it  is  very  likely  that  OH  and  possibly 
even  some  EMA  ligand  will  remain  on  the  Hf  atoms  that  grow  into  this  overlayer. 

In  a  fit,  the  subsurface  Ga  atoms  now  show  a  +0.32  eV  SCLS  labeled  as  Ga(SS)*  in  Fig. 
3(c).  Because  those  Ga  atoms  have  no  dangling  bonds  and  are  below  the  dangling  bond  As 
surface  atoms,  the  positive  shift  is  unlikely  due  to  oxygen  bonding.  The  objection  to  the 
proposed  oxygen  bond  rest  on  the  fact  that  it  would  require  the  breaking  of  an  existing  bond  to 
As  and  creating  new  dangling  As  bond.  One  possibility  is  that  the  bonding  of  the  surface  As  to 
Hf  will  change  electronic  environment  at  the  Ga(SS)  site,  but  a  crude  estimate  suggests  that  the 
change  would  be  in  the  wrong  direction.  Another  possibility  is  that  the  change  in  surface  energy 
produced  by  the  overlayer  counteracts  the  forces  driving  the  surface  segregation  allowing  an 
exchange  between  surface  In  and  subsurface  Ga.  The  Ga  would  then  have  an  expected  positive 
SCLS  and  could  even  be  oxidized. 

In  InGaAs,  the  top  row  In  atoms  could  become  traps  for  electrons,  if  not  effectively 
passivated.  The  positive  SLCS  of  those  atoms  indicates  that  the  electronic  state  is  deficient  in 
charge,  and  could  therefore  attract  and  accumulate  electrons  upon  application  of  a  positive  gate 
bias  to  n-Ino.53Gao.47As  MOSCAP.  Consequently,  the  unpassivated  surface  In  atoms  and  charge 
deficiency  of  the  subsurface  Ga  atoms  may  contribute  to  the  finite  frequency  dispersion  in  the 
accumulation  region  for  n-Ino.53Gao.47As  MOSCAP.1 2 

On  the  other  hand,  the  CV  data  showed  that  the  room  temperature  capacitance  of  the 
inversion  region  of  n-Ino.53Gao.47 As  MOSCAP  increases  monotonically  with  increasing  negative 
gate  bias.  The  relatively  larger  frequency  dispersion  in  the  accumulation  region  for 
p-Ino.53Gao.47As  MOSCAP  was  attributed  to  interface  traps  in  the  band  gap  near  the  valence  band 
of  Ino.53Gao.47As  or  to  border  traps  located  near  the  oxide/  Ino.53Gao.47As  interface.2  It  has  been 
suggested  that  the  border  traps  at  the  valence  band  edge  are  mainly  due  to  As  dangling  bonds  or 
to  Ga-Ga  dimers.18  In  the  present  study,  the  reacted  surface  As  atoms  (As(S*)),  although  totally 
passivated,  still  show  sizable  chemical  shift  from  the  bulk,  which  might  be  responsible  for  the 
CV  behavior. 

In  summary,  we  have  elucidated  the  mechanism  and  nature  of  the  bonding  between  the  Hf 
atom  in  TEMAHf  and  In/As  atoms  of  the  reconstructed  Ino.53Gao.47As(001)-4x2  surface.  The 
TEMAHf  precursor  is  either  intact,  or  loses  one  ethylmethylamino  ligand  to  become  tn'-EMAHf. 
The  initial  purge  of  the  TEMAHf  precursors  effectively  passivates  all  the  edge  As  atoms  in  the 
top  row.  As  a  result,  no  oxygen  bonding  was  found  at  either  surface  As  or  In  atoms.  The 
subsequent  water  purge  reacts  with  tn-EMAHf  to  facilitate  the  growth  of  hafnium  oxides  there. 
The  interface  obtained  by  ALD  in  the  present  study  found  no  evidence  of  oxygen  bonding  to  any 
atom  in  the  trough.  The  unpassivated  surface  In  atoms  may  contribute  to  the  frequency 
dispersion  in  the  accumulation  region  of  n-Ino.53Gao.47As  MOSCAP. 
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Fanchiang,  Y.  H.  Lin,  T.  H.  Chiang,  K.  Y.  Lin,  Y.  K.  Su,  C.  H.  Wei,  Y.  C.  Lin,  G.  K.  Wertheim,  J.  Kwo, 
and  M.  Hong,  45th  IEEE  Semiconductor  Interface  Specialists  Conference  (SISC),  Bahia  Resort  Hotel, 
San  Diego,  CA,  December  10-13,  2014. 

2.  “Beyond  Si  CMOS  -  Physics  and  Perspectives”,  Department  of  Electro-Physics,  National  Chiao  Tung 
University,  Hsinchu,  Taiwan,  December  4,  2014. 

3.  Panel  at  1st  International  Beyond  CMOS  Workshop,  IMEC,  Leuven,  Belgium,  October  16-17,  2014. 

4.  “Topological  insulator  thin  films  for  spintronics”,  J.  Raynien  Kwo  and  Minghwei  Hong,  The  1st 
International  Beyond  CMOS  Workshop,  IMEC,  Leuven,  Belgium,  October  16-17,  2014. 

5.  “High  k  dielectrics  on  high  carrier  mobility  semiconductors  for  ultimate  CMOS  -  accomplishments 
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and  the  remaining  challenges”,  The  National  Nano  Device  Laboratories  (NDL),  Hsinchu,  Taiwan, 
June  26,  2014. 

6.  “High  k/HI-V  for  ultimate  CMOS  -  interfacial  passivation,  low  ohmic  contacts,  and  device 
performance”,  W.  H.  Chang,  T.  D.  Lin,  M.  H.  Liao,  T.  W.  Pi,  J.  Kwo,  and  M.  Hong,  The  225th  ECS 
meeting,  Orlando,  FL,  May  11-16,  2014. 

7.  “High  k  dielectrics  on  high  carrier  mobility  semiconductors  for  ultimate  CMOS  and  beyond- 
accomplishments  and  the  remaining  challenges”,  the  11th  Taiwan-U.S.  AFOSR  Nano-  science 
Program  Review  &  Workshop,  National  Dong  Hwa  University,  Hualien,  Taiwan,  May  13-15,  2014. 

8.  “High  k  dielectrics  on  high  carrier  mobility  semiconductors  for  ultimate  CMOS  -  accomplishments 
and  the  remaining  challenges”,  TSMC,  Hsinchu,  Taiwan,  April  24,  2014. 

9.  “Perfecting  high  k/GaSb(100)  interface  using  molecule  beam  epitaxy  Y2O3”,  Minghwei  Hong  and  J. 
Raynien  Kwo,  Air  Force  Research  Laboratory  (Wright-Patterson  Air  Force  Base  (WPAFB)),  Dayton, 
Ohio,  March  7,  2014. 

10.  “Pushing  the  ultimate  CMOS  and  beyond”,  M.  Hong,  T.  D.  Lin,  W.  H.  Chang,  R.  L.  Chu,  Y.  C.  Chang, 
J.  Kwo,  H.  Y.  Hung,  and  T.  W.  Pi,  Special  forum  “5  nm  CMOS  and  beyond”,  2014  Annual  Physical 
Society  Rep.  of  China  Meeting,  National  Chung  Hsin  University,  Taichung,  Taiwan,  January  21-23, 
2014. 

11.  “Pushing  the  ultimate  CMOS  and  beyond”,  M.  Hong,  NTU/TSMC/NSC  Industrial-Academia  Big 
League  Center,  National  Taiwan  University,  Taipei,  Taiwan,  December  31,  2013. 

12.  “Synchrotron-radiation  photoemission  study  of  clean  (In)GaAs  surfaces  and  high-k  interfaces”,  T.  W. 
Pi,  T.  H.  Chiang,  Y.  T.  Liu,  H.  Y.  Lin,  Y.  C.  Chang,  T.  D.  Lin,  G.  K.  Wertheim,  J.  Kwo,  and  M.  Hong, 
2013  IEEE  Nanotechnology  Materials  and  Devices  Conference  (IEEE  NMDC),  NCKU,  Tainan, 
Taiwan,  October  6-10,  2013. 

13.  “High  k/III-V  for  ultimate  CMOS  -  from  MBE  to  ALD  passivation”,  T.  D.  Lin,  J.  Kwo,  and  M.  Hong, 
2013  IEEE  Nanotechnology  Materials  and  Devices  Conference  (IEEE  NMDC),  NCKU,  Tainan, 
Taiwan,  October  6-10,  2013. 

14.  “Pushing  the  ultimate  CMOS  and  more  -  a  physicist’s  role”,  Dept.  Physics,  National  Chung  Hsing 
University,  Taichung,  September  27,  2013. 

15.  “Realization  of  III-V  MOSFETs  using  High  k  Gate  Dielectrics  on  InGaAs  Semiconductors”,  J.  Kwo 
and  M.  Hong,  the  2013  Asia-Pacific  Radio  Science  Conference  (AP-RASC’13),  Howard  International 
House,  Taipei,  Taiwan,  September  3-7,  2013. 

16.  Perfection  of  high  k/InGaAs  interface  -  push  for  ultimate  CMOS”,  10th  US  Air  Force  -  Taiwan 
Nanoscience  Workshop,  New  Sanno  Hotel,  Tokyo,  Japan,  Aug.  20-22,  2013. 

17.  “Pushing  the  material  limit  and  physics  novelty  in  high  k’s/high  carrier  mobility  semiconductors  for 
Ultimate  CMOS  ”,  T.  D.  Lin,  Y.  C.  Chang,  M.  Hong,  J.  Kwo,  T.  W.  Pi,  C.  H.  Hsu,  W.  W.  Pai,  and,  Y.  P. 
Chiu,  Applied  Materials,  Hsinchu,  Taiwan,  May  22,  2013. 

18.  “Native-oxides  free  high-k  interfaces:  A  synchrotron  radiation  photoemission  study”,  T.-W.  Pi,  T.  D. 
Lin,  H.  Y.  Lin,  Y.  T.  Liu,  Y.  C.  Chang,  T.  H.  Chiang,  G.  K.  Wertheim,  J.  Kwo,  and  M.  Hong,  invited 
talk  at  Materials  Research  Society  Spring  Meeting,  San  Francisco,  Ca,  April  1-5,  2013. 
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19.  “Interfacial  Properties  of  High  k  Gate  Dielectrics  on  High  Carrier  Mobility  Semiconductors”,  J.  Kwo, 
Invited  talk  at  Materials  Research  Society  Spring  Meeting,  San  Francisco,  Ca,  April  1-5,  2013. 

Conference  presentations  (Contributed) 

1.  “Direct  Determination  of  Schottky  Barrier  Heights  and  Band  Bending  between  Fe  iSi  and  GaAs(lOO)  by 
In-Situ  XPS/UPS”,  K.  Y.  Lin,  B.  Z.  Syu,  Y.  H.  Lin,  Z.  J.  Peng,  J.  F.  Lee,  C.  H.  Fu,  H.  W.  Wan,  C.  P.  Cheng, 

T.  W.  Pi,  J.  Kwo,  and  M.  Hong,  45th  IEEE  Semiconductor  Interface  Specialists  Conference  (SISC),  Bahia 
Resort  Hotel,  San  Diego,  CA,  December  10-13,  2014. 

2.  “Comparison  of  MBE-Y2O3  and  ALD-Y2O3  passivated  n-GaSb(lOO)”,  Y.  H.  Lin,  R.  L.  Chu,  W.  J.  Hsueh, 

K.  Y.  Lin,  T.  H.  Chiang,  C.  H.  Fu,  T.  W.  Pi,  J.  I.  Chyi,  J.  Kwo,  and  M.  Hong,  45th  IEEE  Semiconductor 
Interface  Specialists  Conference  (SISC),  Bahia  Resort  Hotel,  San  Diego,  CA,  December  10-13,  2014. 

3.  “An  Investigation  of  Ni-InGaAs  Source/Drain  Ohmic  Contact  for  III-V  CMOS”,  C.H.  Fu,  W.  H.  Chang,  R. 

L.  Chu,  T.  D.  Lin,  T.  H.  Chiang,  Y.  D.  Wu,  J.  Kwo,  and  M.  Hong,  Annual  Physics  Meeting  of  the  ROC 
Taiwan,  National  Chung  Hsing  University,  Taichung,  Jan.  21-23,  2014. 

4.  “Comparison  of  methods  to  extract  interface  state  densities  at  atomic -layer-deposited  high-k 
dielectric/III-V  heterostructures”,  Y.  T.  Fanchiang,  Y.  K.  Su,  K.  S.  Chen,  Y.  C.  Chang,  T.  H.  Chiang,  J.  Kwo, 
and  M.  Hong,  Annual  Physics  Meeting  of  the  ROC  Taiwan,  National  Chung  Hsing  University,  Taichung, 

Jan.  21-23,  2014. 

5.  “Electronic  structure  of  (In)GaAs  surfaces  and  native-oxide  free  high  k  interfaces  -  Synchrotron  radiation 
photoemission  studies”,  T.-W.  Pi,  T.  D.  Lin,  T.  H.  Chiang,  Y.  T.  Liu,  Y.  C.  Chang,  C.  H.  Wei,  G.  K. 

Wertheim,  J.  Kwo,  and  M.  Hong,  44th  IEEE  Semiconductor  Interface  Specialists  Conference  (SISC),  Key 
Bridge  Marriott  Hotel,  Arlington,  VA,  USA,  December  5-7,  2013. 

6.  “Perfecting  high  k/GaSb(100)  interface  using  molecule  beam  epitaxy  Y 2O3”,  R.  L.  Chu,  W.  J.  Hsueh,  T.  H. 
Chiang,  W.  C.  Lee,  H.  Y.  Lin,  T.  D.  Lin,  C.  H.  Fu,  G.  J.  Brown,  T.  W.  Pi,  J.  I.  Chyi,  J.  Kwo,  and  M.  Hong, 

44th  IEEE  Semiconductor  Interface  Specialists  Conference  (SISC),  Key  Bridge  Marriott  Hotel,  Arlington, 

VA,  USA,  December  5-7,  2013. 

7.  "Surface  passivation  of  GaSb(100)  using  MBE-Y2O3  as  gate  dielectric",  R.  L.  Chu,  W.  J.  Hsueh,  T.  H. 
Chiang,  W.  C.  Lee,  H.  Y.  Lin.  G.  J.  Brown,  T.  W.  Pi,  J.  I.  Chyi,  J.  Kwo,  and  M.  Hong,  30th  North  American 
Molecular  Beam  Epitaxy  Conference  (NAMBE),  Banff,  Canada,  Oct.  6-9,  2013. 

8.  “High  k  interfaces  on  single  crystal  (In)GaAs(OOl)  surfaces”,  T.-W.Pi,  T.  D.  Lin,  Y.  H.  Chang,  H.  Y.  Lin,  Y. 

T.  Liu,  G.  K.  Wertheim,  M.  Hong,  and  J.  Kwo,  J.  38th  International  Conference  on  Vacuum  Ultraviolet  and 
X-ray  Physics  (VUVX2013),  Hefei,  Anhui,  China,  12-19  July,  2013. 

9.  “UHV  deposited  rare  earth  oxides  on  GaAs  (lll)A  -  growth,  structural,  electronic,  and  electrical 
properties”,  T.  H.  Chiang,  S.  Y.  Wu,  B.  R.  Chen,  Y.  K.  Su,  H.  Y.  Lin,  C.  A.  Lin,  J.  Kwo,  T.  W.  Pi,  C.-H.  Hsu, 
and  M.  Hong,  Materials  Research  Society  Spring  Meeting,  San  Francisco,  Ca,  April  1-5,  2013. 

10.  “Atomic  layer  deposited  ALO3  on  Ga-  and  As-rich  GaAs  (100)  reconstructed  surfaces-electrical  properties 
and  interfacial  chemical  bonding”,  Y.  T.  Liu,  W.  H.  Chang,  Y.  K.  Su,  Y.  D.  Wu,  Y.  C.  Chang,  J.  Kwo,  and 

M.  Hong,  Symposium  on  Nano  Device  Technology,  National  Nano  Device  Laboratories,  Hsinchu,  Taiwan, 

April  25-26,  2013. 

1 1 .  “An  improved  interfacial  passivation  of  employing  molecule  beam  epitaxy  grown  Ge  epi-layer  on  Ge(  100) 
substrate  and  in-situ  high  k  dielectric  deposition”,  R.  L.  Chu,  W.  C.  Lee,  Y.  C.  Liu,  Y.  C.  Chang,  H.  Y.  Lin, 

M.  L.  Huang,  J.  Kwo,  and  M.  Hong,  Symposium  on  Nano  Device  Technology,  National  Nano  Device 
Laboratories,  Hsinchu,  Taiwan,  April  25-26,  2013 

Interactions  with  industry  or  with  Air  Force  Research  Laboratory  scientists  or  significant 
collaborations  that  resulted  from  this  work: 

Collaboration  with  Dr.  Gail  Brown  of  Air  Force  Research  Laboratory  (AFRL),  Dayton,  Ohio 
45433,  USA,  resulting  in  two  SCI  papers  and  two  conference  presentations. 
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